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ALTHOUGH genetic studies with the rII mutants of bacteriophage T4 have

provided many insights into genetic mechanisms (Benzer 1959, 1961;
Crick, BAarNeTT, BRENNER and Warrts-ToBin 1961; CuampeE and BENZER
1962a), this system has not been useful for studying gene-protein relationships
because of the inability to isolate the rlII protein. Recently, however, we described
the detection of a peptide, released by trypsin digestion of the total protein from
T4-infected cells, which was identified as a fragment of the rII B cistron poly-
peptide (McCrain and Cuamrpe 1967). By determining the presence or absence
of this tryptic peptide in extracts prepared from cells infected with various B
cistron mutants, it was concluded that the fragment was derived from the middle
one-third of the B polypeptide.

The ability to detect this tryptic fragment provides an assay for the intact B
cistron polypeptide and thus offers a means for its purification. The present
paper describes progress in this direction. Although the purification thus far
achieved is far from complete, it has been possible to detect certain mutational
changes in the polypeptide which directly confirm previous conclusions derived
from indirect genetic studies with the r// system.

MATERIALS AND METHODS

Escherichia coli strains: Strains B and BB were used as permissive hosts and strain KB as the
general nonpermissive host for r/I mutants (Benzer and Cuampe 1961). Strains T,A and its
amber suppressorless derivative, T,A-su-, were used for experiments in which proteins were
labeled with tryptophan (McCrain and Cmampe 1967). Other /I nonpermissive hosts, C600,
CA165, and CAJ64, which carry suppressors specific for amber, ochre, and opal (UGA) muta-
tions, respectively, were used for selecting rII derivatives (BRENNER and Becrxwitm 1966;
Samerook, FAN and BreNNER 1967).

Phage strains: All of the rII mutants used in this work were derived from the standard type
T4B and have been described previously (Cuampr and BEnzer 1962; BRENNER, STRETTON and
KarLan 1965).
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Spontaneous revertants of r/I mutants were selected from KB plates after incubation over-
night at 30°C. The independent origin of each revertant was guaranteed by isolating not more
than one revertant from an r-type plaque picked from a plate seeded with strain B.

Amber (UAG) and opal (UGA) derivatives of an ochre (UAA) mutant were isolated by the
methods of Sameroor, Fan and BRENNER (1967). The ochre derivative of an opal mutant was
isolated using the ochre suppressor strain (CA165) which does not suppress opal mutants
(BRENNER, BARNETT, KaTZ and Crick 1967).

Our conditions of labeling phage proteins depend on the cessation of late phage-specific protein
synthesis observed in rII infected M lysogens (see McCrain and Cuamrpe 1967). When we
wished to examine proteins synthesized by a phage derivative having a mutationally altered but
functional B cistron (e.g., a false revertant), the A cistron was inactivated by introducing the
deletion mutation rB45. In this way we guaranteed that the protein synthesized by all phage-
infected cultures would be directly comparable. The desired strain having the inactivated A
cistron was constructed by recombination with the double mutant 7B45, r638. Since r638 is a
deletion mutation of the entire B cistron, the desired recombinant was identified as giving r+
recombinants with r638 but not with rB45.

UV crosses: Ultraviolet light was used in some crosses to stimulate recombination following
the procedure of BRENNER, BARNETT, KaTz and Crick (1967).

Preparation and analysis of tryptic digests of infected cell exiracts: Cells of the host strain
T,A (or T,A-su~) infected with T4 rII mutants or derivatives were labeled with either r-
tryptophan-3-1¢C or r-tryptophan-3H from three to 17 minutes after infection at 37°C. Un-
fractionated or partially purified protein extracts of these cells were digested with trypsin and
the resulting peptide mixture was analyzed by chromatography on Technicon Peptide resin.
The details of the labeling, extraction, digestion and chromatography have been given elsewhere
(McCramn and Cuampe 1967).

Fractional precipitation of infected cell extracts: Two 200 ml cultures of rII mutant-infected
cells, one labeled with 14C-tryptophan and the other labeled with 3H-tryptophan, were chilled,
mixed, and centrifuged at 17 min after infection. The cell pellet was resuspended in 10 ml of
0.02 m Tris-HCl buffer, pH 7.2 containing 102 m EDTA and disrupted in a French press with
about one gram uninfected E. coli added as carrier. After removal of debris by centrifugation, an
equal volume of 0.259, protamine sulfate '(Calbiochem) was added to the supernatant with
constant stirring, and the resulting precipitate was centrifuged. The pellet was washed by
centrifugation, first with 10 ml of 0.1 m KH,P0,-0.01 m EDTA, pH 7.2, and then with 3 ml of
0.5 m KH,PO,~0.1 m EDTA, pH 7.2. The second supernatant fraction was then precipitated with
increasing concentrations of ammonium sulfate in 0.02 m Tris-HCl buffer, pH 7.2 containing
10-3 m EDTA. The protein precipitating between 30-40%, saturation was richest in component
30 (see reEsuLTs) and is the fraction selected for further purification on DEAE-cellulose. Through-
out all steps of the fractionation, the temperature was maintained at 0—4°C, all buffers contained
5 X 10 m dithiothreitol, and centrifugations were at 20,000 X g for 15 min.

Chromatography on DEAE-cellulose: The protein precipitated by ammonium sulfate (in
the procedure given above) was removed by centrifugation and subsequently resuspended in
5.0 ml of 0.01 m KH,PO,, pH. 7.5, and dialyzed against 1 liter of the same buffer at 4°C for
15 hr. After removing any insoluble material by centrifugation, a sample (between 1 and 2 ml)
was applied to a 0.9 X 30 cm column of DEAE-cellulose (Whatman Microgranular DE-52)
which had been equilibrated with 0.01 m KH,PO,, pH 7.5 buffer. After washing with 100 ml of
the same buffer, elution of the protein was accomplished by a 200 ml linear gradient of KCl
from 0.0 M to 0.5 M in the same buffer. The 3H and 14C activities of 2.0 ml fractions were assayed
by drying 0.2 ml samples on filter paper disks which were then washed with trichloroacetic
acid followed by ethanol, according to the method of BorLum (1966), and finally counted in a
scintillation counter. All buffers contained 10-3 m EDTA and 5 X 107¢ m dithiothreitol and all
operations were performed at 4°C.

RESULTS

Partial purification of the rI1 B cistron polypeptide: Figure 1a illustrates the
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detection of a fragment of the rII B cistron polypeptide in a crude extract as
previously reported (McCrain and CHaMPE 1967). This chromatogram shows
the separation of *#C- and *H-labeled peptides resulting from trypsin digestion
of an unfractionated extract of a mixture of two sets of phage infected cells—one
infected with an r// mutant blocked in the synthesis of the A cistron polypeptide
and labeled with *H-tryptophan, and the other infected with an rII mutant
blocked in the synthesis of the B cistron polypeptide and labeled with **C-trypto-
phan. The ratio of the two labels is relatively constant throughout the chroma-
togram except in the region of fraction 125. In this region there is an excess of
*H over **C indicating that this peak (#30) contains a component derived from
the B cistron polypeptide. Additional experiments confirmed this conclusion and
delineated the location of the tryptic fragment to the middle one-third of the
B polypeptide.

The detection of this tryptic fragment provides an assay for the intact B
polypeptide and makes possible its purification by fractionating an extract in a
stepwise manner and selecting those fractions at each stage which are enriched
in component 30.

The three stages of fractionation thus far employed are outlined below and are
described in detail in MATERIALS AND METHODS. An initial purification of about
3-fold was accomplished by precipitation with protamine sulfate followed by
elution with increasing concentrations of phosphate, selecting the material which
remains insoluble in 0.1 M phosphate but which dissolves in 0.5 M phosphate.
In the second stage, this selected fraction was then precipitated with increasing
concentrations of ammonium sulphate, selecting the material which is soluble
at 309 saturation but not at 449, saturation. This second stage gives approxi-
mately another 3-fold purification. Figure 1b shows a chromatographic analysis,
performed in exactly the same manner as for the unfractionated extract of
Figure 1a, of a tryptic digest of this 2-stage purified material. In contrast to
Figure 1a, *H-labeled component 30 is now nearly free of **C-labeled material.
Moreover, the complexity of the early part of the chromatogram has been re-
duced, thereby revealing two additional components (corresponding to 6 and 10
of Figure 1a) which have a large excess of *H over *¢C.

A third stage of purification by chromatography on DEAE-cellulose, selecting
the region with the highest *H/*“C ratio, affords about another 2-fold enrichment.
Figure 1c shows the analysis of the tryptic peptides of the material resulting from
this third stage of purification. Again, components 6 and 10 have a great excess
of *H over *C.

Since components 6 and 10 co-purify with component 30 they are presumably
also derived from the rII B polypeptide. Although quantitation of components
6 and 10 is often made difficult by variable background components, we never-
theless find, as expected for a common precursor, that the relative amount of
label of the three components remains constant throughout the purification—
namely approximately 1:2:1 in components 6, 10, and 30, respectively.

Though some of the tryptic peptides of the B polypeptide may be insoluble,
it is possible that the three components, 6, 10, and 30 in Figure 1c, contain all
of the tryptophan residues of the B polypeptide since the background of the
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chromatogram is sufficiently low to permit detection of any which are present.
At this stage of purification, approximately 209 of the recovered *H is in com-
ponents originating from the B polypeptide. Limited mutational studies on the
B polypeptide are feasible with this degree of purity.

Genetic identification of tryptophan codons in the rl11 B cistron: The codon for
tryptophan is rather unique: unlike most amino acids, tryptophan has only one

codon (UGG) and is connected to both the amber (UAG) and opal (UGA)
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Ficure 2.—Amino acids related by single-step transition mutations to the amber, ochre, and
opal nonsense triplets,

triplets by single-step transition mutations as illustrated in Figure 2. By making
use of these relationships, one can predict which mutant sites in the B cistron,
among the 150-0dd which are known, result from mutations in tryptophan codons.

The first line of evidence identifying tryptophan sites is based on the experi-
ments of BRENNER, STRETTON and KarLan (1965) which show that hydroxyla-
mine-induced /I amber mutations can be divided into two classes on the basis
of whether or not the mutation requires DNA replication for expression. An
amber mutation in a tryptophan codon would not be expected to require DNA
replication for expression of the mutant phenotype, since the hydroxylamine
mutated C in the DNA codon would be in the transcribed strand. In contrast, a
glutamine amber would require replication before the mutation could be ex-
pressed. These experiments identify three presumptive tryptophan amber sites
in the B cistron: rHB74,rX237,and rHB232.

A second indication of tryptophan sites is the occurrence of a closely linked pair
of amber and opal mutations. Such amber—opal pairs are to be expected since
both kinds of mutations can occur in the tryptophan codon (UGG), the amber
mutation being UGG to UAG and the opal mutation UGG to UGA. In the B
cistron, three amber—opal pairs have been described: the amber mutations rHB74,

Ficure 1.—Partial purification of the 7/I B polypeptide. The chromatograms show analyses
of the peptides resulting from tryptic digestion of the protein from either unfractionated or
fractionated extracts prepared from infected cells of two combined cultures: the first infected
with an A cistron mutant and labeled with 3H-tryptophan and the second infected with a B
cistron mutant and labeled with 14C-tryptophan. The mutants used were of a type which would
be expected to block synthesis of most of the polypeptide product of the respective cistron (either
a nonsense mutant whose site is near the N-terminal end of the cistron or a deletion mutant).
Thus an excess of 3H over 14C identifies components originating from the B polypeptide. Details
of the procedures are given in MATERIALs AND METHODs and by McCrain and CHaMPE (1967).

(a) Digest of unfractionated extract.

(b) Digest of fraction from two-stage fractionation selected for enrichment of com-
ponent 30.

(c) Digest of fraction from three-stage purification selected for highest 3H/14C ratio.

The digests were of nonequivalent aliquots of separate preparations, thus the quantity of
label is not comparable from one analysis to another.
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Ficure 3.—The order of some mutational sites in the rII B cistron. The map shows the three
known amber—opal pairs in the 71/ B cistron, as discussed in the text, and is drawn approximately
to a scale based on the known number of intervening sites (CHampE and Benzer 1962a). The
region labeled component 30 represents the maximum extent of the part of the cistron which
codes for component 30 (see Figure 1) as deduced from the experiments described here and
reported by McCrain and Caampe (1967).

rX237, and rHB232 are paired, respectively, with the opal mutations rX655,
rNé65, and rHB243 (BrennNER, BarNeTT, KATZ and Crick 1967; KaTtz 1968;
McCrai~ 1968).

Thus, the results of the two kinds of experiments are in agreement and make
a strong case for predicting the presence and location of three tryptophan sites
in the B cistron. The relative positions of the sites are given in Figure 3.

The detection of three B cistron tryptophan peptides makes possible direct
confirmation of the above genetic predictions. We know that amino acid replace-
ments resulting from suppression or reversion of nonsense mutations are confined
to the position of the nonsense mutation in the polypeptide chain (BRENNER,
StrETTON and KarLaw 1965; Garen 1968). Thus, if a particular amber or opal
mutation occurred in a tryptophan codon, the corresponding tryptophanyl residue
in the polypeptide could be eliminated by a false reversion of the nonsense
mutation.

Elimination of component 30 by reversion of an amber mutant: Of the three B
cistron mutations which are likely to have occurred in a tryptophan codon, the
hydroxylamine-induced amber mutation rHB232 is the best candidate for the site
corresponding to component 30 since it is located in the C-terminal end of the
region which codes for this component. We tested this prediction by examining
spontaneous revertants of »HB232 for tryptophan-labeled component 30; only
two out of nine revertants produced the component. Figure 4 shows a chroma-
tographic comparison between one of the component 30 negative revertants
labeled with *C-tryptophan and the A cistron mutant rB45, labeled with *H-
tryptophan. This analysis was performed after the 2-stage purification, shown
in Figure 1b, in order to allow detection of all three B cistron components (6, 10,
and 30). The chromatogram shows that the revertant completely lacks component
30 but that 6 and 10 are present in normal or near-normal amounts.

Partial elimination of component 6 by reversion of an opal mutant: Genetic
arguments presented above suggest that the opal mutation rX655 occurred in a
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Frcure 4.—Elimination of component 30 by reversion of rHHB232. The chromatogram shows
the analysis of the peptides labeled with 14C-tryptophan originating from cells infected with an
rHB232 revertant (which also carried the A cistron mutation rB45, see MATERIALS AND METHODS)
as compared to the peptides labeled with 3H-tryptophan originating from cells infected with
rB45. Digestion of the combined extracts with trypsin was performed after the 2-stage purifi-
cation illustrated in Figure 1b. The host strain was T A-su~. The fractions for the missing part
of the chromatogram were lost.

tryptophan codon. If so, this tryptophan residue might correspond to that of
either component 6 or 10. Since, unlike component 30, components 6 and 10
require purification to be visible, it was desirable to avoid the necessity of screen-
ing a sizable number of revertants for one with a non-tryptophan replacement.
We accomplished this by first converting rX655 to its ochre derivative and from
this strain isolated a revertant with a wild phenotype. The amino acid substitution
of the revertant is unlikely to be tryptophan since this would require two base
changes (i.e., UAA to UGG).

Figure 5 shows an analysis of such a revertant performed identically to that
of Figure 4. It is seen that the revertant produces normal amounts of components
10 and 30, but component 6 is considerably depressed. The likely reason that
component 6 is not completely eliminated by the reversion is that the peak is
actually a mixture of peptides, one of rII origin and the others of non-rII origin,
and that the latter peptides are not reproducibly eliminated by the purification
method used. Comparisons of several purified preparations show in fact that
some components are not always eliminated to the same extent.

Generation of a tryptophan codon: By use of appropriate suppressor hosts
it is possible to isolate selectively both the amber (UAG) and opal (UGA)
derivatives of an ochre (UAA) mutant (SamBrooK, Fan and BrReNNER 1967).
These derivatives, when crossed with each other, should yield only two kinds of
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Ficure 5.—Partial elimination of component 6 by reversion of rX655. The chromatogram
shows the analysis of the peptides labeled with 3H-tryptophan originating from cells infected
with an rX655 ochre revertant (which also carried the A cistron mutation rB45, see MATERIALS
AND METHODS) as compared to the peptides labeled with 14C-tryptophan originating from cells
infected with rB45. Digestion of the combined extracts with trypsin was performed after the
2-stage purification illustrated in Figure 1b. The host strain was T A-su-.

recombinants: one corresponding to the original ochre mutant (UAA) and one
which contains the new sequence, UGG. Since the original ochre mutation
could not have arisen from a tryptophan codon (UGG) by a single-step mutation,
the UGG recombinant should contain an additional tryptophan. These proper-
ties of nonsense mutations provide the basis for constructing a phage in which
a tryptophan codon has been generated at a particular position in a cistron.

We chose the ochre mutation rUV375 to test these predictions. Since this
mutation affects the left tip of the B cistron, a region known to be nonessential
for gene activity (Crmampr and BeEnzer 1962b), an amino acid replacement at
this position would not be expected to have a deleterious effect on cistron activity;
hence, the desired recombinant should have a wild phenotype.

Amber and opal derivatives of rI/V375 were isolated and crossed with each
other using UV light to stimulate recombination. A 50-fold increase in the fre-
quency of plaques found on KB for the mixed infection, relative to controls,
showed that the desired recombinant had been produced. A presumptive UGG
recombinant was picked and the tryptophan peptides were examined by the
techniques described above. Partial purification was performed before tryptic
digestion to aid in detecting the expected new peptide unique to the recombinant.
The results are given in Figure 6 where again the A cistron mutant rB45 serves
as the control. It is seen that there is a component at fraction 59 which is present
only for the recombinant. This experiment has been repeated with the isotopes
reversed and the same result was obtained.
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Ficure 6.—Detection of a tryptophan-containing peptide unique to an amber X opal re-
combinant. The recombinant with r+ phenotype was isolated from the progeny of a cross be-
tween the amber and opal derivatives of the ochre mutant rUV375. The chromatogram shows
the analysis of the peptides labeled with 14C-tryptophan originating from cells infected with the
recombinant (which also carried the A cistron mutation rB45, see MATERIALS AND METHODS) as
compared to the peptides labeled with 3H-tryptophan originating from cells infected with rB45.
Digestion of the combined extracts with trypsin was performed after the 2-stage purification il-
lustrated in Figure 1b. The host strain was T,A-su~. The arrow indicates the position of the new
component.

DISCUSSION

Tryptic digestion of tryptophan labeled protein from T4-infected cells produces
a peptide (designated component 30) which, as previously described (McCrain
and CuamPpE 1967), can be identified as a fragment of the polypeptide product
of the rII B cistron. In the present report we have confirmed the origin of this
fragment by showing that it can be used as an assay to purify the intact r/I B
polypeptide. Analysis of partially purified extracts reveals two additional trypto-
phan-containing components which co-purify with component 30. The constant
relative yields of the three components throughout the purification suggests that
the precursor of all three components is the rII B polypeptide.

The three B cistron components in Figure 1c represent about 209 of the re-
covered label. This stage of purification represents a 20-fold enrichment for com-
ponent 30 over that found in crude extract. Hence, we estimate that the B poly-
peptide comprises some 1% of the tryptophan label in an unfractionated extract
under our conditions of labeling. Whether this value is an accurate reflection of
the fraction of “early” protein which is B polypeptide depends upon the relative
abundance of tryptophan among these proteins.

The analysis of tryptic peptides from an unfractionated extract shown in
Figure 1a and other similar analyses reveal no indication of a fragment originat-
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ing from the A cistron polypeptide even though genetic arguments also suggest
three tryptophan codons in this cistron (BRENNER, STRETTON and KarLan 1965;
ScawarTz and Bryson 1969). In the fractionated extracts we would not neces-
sarily expect to find the A polypeptide even if A and B polypeptides are normally
complexed since, in this case, the phage contributing component 30 was either an
A cistron nonsense mutant or a deletion mutant. It should be possible, however,
to determine whether the normal A and B polypeptides are physically associated
to form an “rII protein” by using a phage with intact A and B cistrons. In this
case enrichment for the B polypeptide during purification should also enrich for
the A polypeptide.

Genetic arguments based on the occurrence of paired amber-opal mutational
sites and hydroxylamine mutagenesis suggest which of the many mutational
sites of the rII B cistron correspond to tryptophan codons. By virtue of partial
purification of the B polypeptide, it has been possible to confirm some of these
predictions. In particular, it has been shown that revertants of the amber mutant
rHB232 and the opal mutant X655 have specifically lost components 30 and 6,
respectively, consistent with the genetic evidence that these mutations occurred
in tryptophan codons. It is presumed, though not yet proved, that the disappear-
ance of these components in the false revertants reflects the loss of their label by
conversion of tryptophan to some other amino acid. Alternatively, the false re-
version could merely have changed the chromatographic behavior of the peptide
without eliminating the tryptophan. The degree of purification, however, is such
that any soluble peptide should have been detected wherever it elutes. It is sig-
nificant in this respect that of twenty false revertants of other amber and ochre
mutants (all of which we predicted to have occurred in a glutamine codon) at
six different sites near rHHB232, none was found to eliminate or alter the mobility
of component 30.

The third B cistron mutation which genetic arguments suggest occurred in a
tryptophan codon is rIV65. So far it has not been possible to demonstrate a cor-
respondence between the presumed tryptophan at this site and component 10, the
remaining tryptophan peptide of B cistron origin. This may be due to the occur-
rence of more than one tryptophanyl residue in component 10 which would make
the elimination of a single residue difficult to detect.

The tryptophan codon is generated in one of the recombinants from an intra-
codon recombination between amber and opal mutations affecting the same
triplet. Provided these mutations did not originally occur in a tryptophan codon
(a condition which can be assured by deriving the amber and opal mutants from
an ochre mutant), the recombinant should contain an additional tryptophan in
the corresponding polypeptide. This prediction was tested and, as expected, a
tryptophan component unique to the recombinant was found. Though this result
must be confirmed by other means, it suggests the possibility of placing a trypto-
phan residue at other sites in the B polypeptide and thus tagging and isolating
almost any desired region of the molecule. The technique requires only the pres-
ence of a nonleaky ochre or opal mutation in the desired region and that trypto-
phan be an acceptable missense replacement. One region of the B cistron where
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this method might be usefully applied is in the neighborhood of the mutational
hot spot r717, a site at which more than half of all spontaneous B cistron muta-
tions occur (BEnzer 1961). Knowledge of the amino acid sequence of this region
of the B polypeptide might allow the singularity in nucleotide sequence responsi-
ble for this extreme mutational instability to be determined.

We are indebted to Dr. InwiN Trssman for his inspiration and valuable suggestions through-
out the course of this work.

SUMMARY

The partial purification of the rII B cistron polypeptide of bacteriophage T4 is
described. Genetic arguments identifying certain mutations in the B cistron with
tryptophan codons are confirmed directly by analysis of the partially purified B
cistron polypeptide. A method is described and tested for generating a tryptophan
codon at certain selected sites in the B cistron.
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